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SLEEP-DISORDERED BREATHING (SDB) IS A COMMON MEDICAL DISORDER IN ADULTS THAT IS INCREASING-LY RECOGNIZED IN CHILDREN.
Over the past two decades, SDB has emerged as one of the most common indications for tonsillectomy and adenoidectomy, possibly contributing to the performance of approximately 274, 000 procedures per year in children under 15 years of age. 1 The "gold standard" for diagnosing SDB in both adults and children is overnight polysomnography (PSG). 2, 3 Accordingly, the number of accredited sleep laboratories has increased by three-fold in the past ten years (American Academy of Sleep Medicine, personal communication). However, this increased clinical activity has not been accompanied by the implementation of standardized approaches for collecting, recording, and interpreting overnight sleep data in children. Furthermore, the recognition of SDB as a potentially treatable medical disorder in children also has not been accompanied by evidence-based data that quantify the improvement in SDB following intervention, or address which children with the disorder are most likely to respond to therapy. One limitation to the successful generation of such data has been the lack of consistent approaches for measurement and quantification of the disorder in children.
A wide inter-laboratory variation in summary measures of the number of respiratory disturbances (apnea and hypopneas) during sleep (respiratory disturbance index, RDI) is largely attributable to poor standardization of measuring techniques and a lack of consensus for defining apneas and hypopneas. [4] [5] [6] A recent study in adults has demonstrated that the RDI may differ by as much as ten-fold as criteria for event identification (apnea and hypopneas) vary. 7 Similarly, prevalence estimates of SDB based on any given cutoff value of the RDI differ markedly according to RDI derivations. Similar analyses, however, have not been performed in children, in whom there is limited normative respiratory data. [8] [9] [10] [11] [12] [13] In this study, we used data from the ongoing Children's Sleep and Health Study (CSHS) to determine the effect of event definition on the identification of SDB in children. Specifically, we examined: 1) the extent to which the total number of respiratory events scored varied with event definition; 2) how summary measures of SDB (i.e., the RDI) differed as criteria for specifically identifying hypopneas varied with requirements for event-related desaturation; 3) the effect on estimates of SDB of including central apneas in the overall RDI. We hypothesized that these differences in event definitions and in set threshold values would result in large differences in the total number of respiratory events scored, and, thus on prevalence estimates of SDB.
METHODS
Study Sample
The CSHS is a cross-sectional study of a stratified random sample of full-term and pre-term children, assessing risk factors for and consequences of SDB. Children are members of a wellcharacterized cohort (48% preterm) born between 1988-1991, identified from the birth records of three Cleveland area hospitals, who participated in longitudinal studies of cognition and behavior. 14, 15 Children with known severe neurological handicaps were excluded from the analyses. The participants were not referred for clinical assessment of SDB.
Study Protocol
Demographic and medical data were assessed with the Children's Health Questionnaire, a pediatric modification of a validated questionnaire. 16 Height and weight were directly measured by research assistants. Overnight in-home limited channel cardiorespiratory recordings included thoracic and abdominal excursions and estimated tidal volume (VT by inductance plethysmography), 6, [17] [18] [19] [20] pulse oximetry with waveform display, heart rate (bipolar ECG leads) and body position (mercury gauge sensor) (PT-2 system, SensorMedics, Yorba Linda, CA). This system's oximetry has three-second moving average of SpO 2 that updates once per second. Acceptable quality recordings were obtained on 81% of the first visits. The protocol was approved by University Hospitals' Institutional Review Board. Informed consent was obtained from the parents/legal guardian of each child, and assent was obtained from the child.
Scoring of Respiratory Events
Sleep was scored when physiological parameters were consistent with both sleep (e.g., demonstrating little movement, reduced heart rate) and with sleep-wake times recorded on the sleep diary. Respiratory events ≥8 seconds long were scored, representing two missed respiratory cycles for a respiratory rate of 20 breaths/min, the average for this age group. 21 Obstructive apneas were scored when ribcage and abdominal efforts were asynchronous and V T was <25% baseline. Hypopneas were scored when respiratory efforts were accompanied by V T amplitude between 25%-50% of baseline. Discrete, clearly discernible decreases in V T that were >50% of baseline also were scored as hypopneas if associated with desaturations of ≥3%. 6 Central apneas were scored when effort was absent in both thorax and abdominal channels and V T was <25% of baseline. These were further classified as "isolated," "post-sigh," and "post-movement" events if the apnea occurred during quiet tidal breathing, after an augmented breath (≥200% of tidal breath) or after movement, respectively. Mixed apneas (with V T <25% of baseline and a mixture of obstructive and central respiratory effort patterns) were classified with obstructive apneas.
Following the manual marking of each event, specialized software modeled after that developed for the Sleep Heart Health Study linked each hypopnea to the values of the saturation nadir following the event. 22 Different RDIs were computed according to the inclusion of various combinations of events (i.e., differentially including hypopneas that met a range [0%-5%] of desaturation criteria, with and without inclusion of obstructive apneas, and each category of central apnea). The baseline SaO 2 value used for identification of desaturation events was the highest SaO 2 value in the epoch in which the desaturation event occurred. SaO 2 values with a poor pulse waveform were removed from analysis. All records were scored without clinical correlates by scorers who regularly participated in scoring exercises to maintain inter-observer consistency.
Definitions
Ethnicity was categorized as "Caucasian" or "Minority." The Minority category was predominantly African American {n=58; but included Hispanic (n=10), multiracial (n=3), Native American (n=2), and Asian (n=1)}. Children were categorized as habitual snorers if the parent answered affirmatively to "snoring loudly," and this occurred at least one to two times per week in the past month. Children > the 95th percentile body mass index (BMI) for age and gender were classified as obese. 23 Respiratory event definitions (expressed as indices of events per hour of estimated sleep time) for the various RDIs used to examine SDB are summarized below:
AHIT-All obstructive and isolated central apneas and all hypopneas; OAHI-Obstructive apneas and all hypopneas; AHI 3 -All obstructive and isolated central apneas; hypopneas with ≥3% desaturation; AHI 4 -All obstructive and isolated central apneas; hypopneas with ≥4% desaturation; AHI 5 -All obstructive and isolated central apneas; hypopneas with ≥5% desaturation; OAHI 3 -Obstructive apneas and hypopneas with ≥3% desaturation; OAHI 4 -Obstructive apneas and hypopneas with ≥4% desaturation; OAHI 5 -Obstructive apneas and hypopneas with ≥5% desaturation; OAI-Obstructive apneas only; CAII-Isolated central apneas; CAIS-Post-sigh central apneas; CAIM-Post-movement central apneas.
The RDIs measured by the limited channel home studies were validated against those measured by "gold standard" in-laboratory full channel polysomnography with sleep staging, nasal-oral airflow, and respiratory effort. The scorers for the two studies were blinded to the other RDI value. In 33 children in whom the two tests were performed within three months, the lab-home Spearman correlation for the RDI measured as an OAHI 3 was .84. Using a threshold value for "disease" of five events per hour for lab and home RDIs, the sensitivity for disease identification was 86%, specificity was 96%, and kappa coefficient for agreement was 0.82.
Analyses
All results are expressed as mean±SD where appropriate. The relationships among the various event definitions for RDI were evaluated with Spearman correlation coefficients and the kappa statistic. 24 
RESULTS
Analyses are based on 433 children, aged 8 to 11 years, whose sleep studies had been completed at the time of this report. The participant characteristics are summarized in Table 1 . At least one obstructive apnea was identified in 78 (18%) children, but 425 (98%) had hypopneas, 398 (92%) had isolated central apneas, 350 (81%) had central pauses following sighs, and 363 (84%) had central pauses after movements. Table 2 shows the frequency distribution for the number of respiratory events per night by type and associated desaturation. Requiring a corroborative desaturation for scoring of respiratory events changed the total number of events identified. The requirement for a 3% desaturation level linked with an "event" reduced the frequency of events by approximately 20% to 60%. Each additional 1% desaturation above 3% required for event identification further reduced the number of identified events by 20% to 50%. Requirements for linked desaturation reduced the number of identified hypopneas more than the number of identified obstructive apnea (i.e., by 66% as compared to 30%). Table 3 shows the Spearman correlation coefficients among the RDIs. All relationships were statistically significant other than that between the OAI and CAII. The strongest correlations (>0.94) were observed between RDIs that included both central and obstructive apneas and only varied with the level of associated desaturation required for identification of hypopneas (from 3% to 5%; AHI 3 , AHI 4 , AHI 5 ). Moderately strong correlations (.84-.92) also were observed between these RDIs (AHI 3 , AHI 4 , AHI 5 ) and the CAII. In contrast, weaker correlations (.45-.66) were noted between the RDIs computed using both obstructive and central events (AHI 3 , AHI 4 , AHI 5 ) with summary RDIs constructed using similar obstructive apneas, but that excluded central events (OAHI 3 , OAHI 4 , OAHI 5 ). These same summary events that excluded central events and only varied on the extent of associated desaturation with hypopneas were also moderately correlated with one another (.73-.86). Weak to moderate correlations were observed when comparing the OAI (based only on obstructive events) with all other event subtypes, improving when hypopneas were associated with a 4% or 5% desaturation (.41-.63). The lowest correlations were observed between indices that summed obstructive apneas and hypopneas with desaturation and those based exclusively on central events (.13-.25). The correlations amongst the various central apnea subtypes (isolated, post-sigh, and post-movement) were weak to modest (<0.26, p<0.0001) (data not shown in table).
Although the RDIs were highly inter-correlated, their distributions differed according to the differences in RDI definition ( Table 4 ). The respiratory event indices varied almost 20-fold for definitions using the most liberal criteria for event definition (all respiratory events; i.e., central or obstructive apneas and hypopneas with no requirement for associated desaturation) to the most conservative definition (using only obstructive apneas or obstructive apneas and hypopneas requiring a 5% associated desaturation). An index based exclusively on central apneas (CAII) was approximately six-fold higher than an index based exclusively on obstructive apneas (OAI).
The impact of varying both criteria for event identification and the threshold value for identifying SDB in this cohort is shown in Table 5 . As expected, for any given RDI derivation, the proportion of subjects labeled as "diseased" increases markedly as the threshold value is decreased from ten to one. Differences are especially notable when using more liberal RDI derivations. For example, using the AHIT, the proportion of subjects identified with SDB increases from 3% to 74% as the threshold value for "disease" decreases from ten to one. Using the OAHI 3 , the proportion of children affected increases from 1.4%-10.4%. Conversely, at any given threshold value, the number of affected children identified varies with the RDI derivation. The impact of differences in RDI derivation on prevalence estimates in this cohort appears greater when using lower threshold values to define disease. This is also illustrated in Table 5 where the prevalence of "disease" defined using lower frequency threshold definitions (e.g., RDI ≥1, 2 or 3) varied more than 20-fold (~1-74% across the various summary measures of RDI). With higher cutoff values (RDI ≥5 or 10), the prevalence of SDB was lower and varied less (~0-10%) according to the RDI derivation. Prevalence estimates that used RDIs including central apneas (AHIT) were 40% to 140% higher than those that excluded central apneas at all frequency thresholds (OAHI).
To determine whether differing SDB definitions identified specific subgroups of individuals, we calculated the level of agreement (kappa statistic; κ) among groups identified by various SDB definitions using two strategies: 1) comparing agreement utilizing a single threshold value of ≥3 events per hour and 2) comparing agreement utilizing the top quintiles of summary RDIs. For purposes of illustration, OAHI 4 , an index similar to that of one commonly used in pediatric sleep laboratories, is used as a reference for comparison (Table 6 ). In general, levels of agreement were strongest when indices included similar levels of desaturation, weakened with the inclusion of central events, and were absent for comparisons of indices including only central events. An excellent level of agreement was observed for individuals identified with ≥3 OAHI 4 events per hour and those identified with the same threshold for OAHI 3 or OAHI 5 (κ=.86-.87) or top quintiles of the same indices (κ= .72-.78). Comparisons using either threshold values or top quintiles were generally similar; however, somewhat higher levels of agreement were observed for comparisons between the OAHI 4 with the AHIT, CAII, and OAHI using the uppermost quintiles rather than a constant value (i.e., >3) to define SDB groups.
The distributions for the various types of central apnea events are summarized in Table 7 . The mean and median CAII are 0.9±1.61 and 0.6 events per hour, respectively. The average duration of isolated central apneas was approximately 10 seconds with a maximum value of 32 seconds in this group of children. The mean and median central apnea index increased by more than two-fold when post-sigh and post-movement apneas were included in the computation of the index. The percentage of isolated central apneas associated with at least a 3%, 4%, and 5% 
DISCUSSION
There is growing recognition of the need to standardize polysomnography. In 1999, a task force sponsored by two medical professional societies published recommendations for apnea and hypopnea definitions in adults in an attempt to improve disparities in the recognition of SDB. 6 Although the recommendations represented a consensus of experts, they were not evidencebased. Two similar attempts were made to establish standards for cardiopulmonary sleep studies and normative data in children. 2, 3 Again, the recommendations were based on a consensus of pediatric experts from the field, but there was even less of an evidence base for recommendations. Perhaps partly due to the lack of evidence supporting such recommendations, such guidelines have not been consistently or universally adhered to. Marked variability exists, even in well-established pediatric laboratories, for definitions for apnea and hypopneas, especially related to the use of corroborative evidence of impaired gas exchange, thoracoabdominal paradox, movements, or arousals to indicate clinically "important" SDB. 25 Some laboratories require only the absence or near absence of airflow to identify apnea, and thus would include central apnea (no respiratory effort) along with obstructive (continued respiratory effort) apnea in their summary indices of SDB. 12 However, the impact of these practice differences on case identification has not been systematically studied in children before.
In this study, we used data from a large ongoing pediatric cohort study to explore the effect of event definition on identification of respiratory events and SDB. Large differences were observed in the number of respiratory events scored (and thus, in the absolute RDI) as one varied 1) the definitions of hypopneas and 2) which specific event subclasses (hypopneas, obstructive apneas, and central apnea) were included in summary indices. Accordingly, these differences were reflected by similar changes in prevalence estimates of SDB based on given threshold values for each RDI. Previous analyses of adult populations also have shown that much of the variability in estimates related to varying the degree of associated desaturation considered necessary to classify a reduction in V T as a "hypopnea." 7 That analysis, however, did not consider the impact of event subtypes on definitions. Our data further emphasize the need to adopt uniform approaches for considering what, if any, desaturation should be required for the identification of hypopneas in children.
A major source for variability in summary indices of SDB related to the inclusion of central events. Central apneas are often included in the computation of AHIs in adult studies, and were included in one published report of normative data in children. 12 This has been justified by the observation that both obstructive and central apneas often respond to nasal continuous positive pressure, and because, methodologically, it may be difficult to reliably discriminate these events. In children, central apneas occur commonly and are thought not to be part of SDB. [8] [9] [10] [11] 13 Although periodic breathing and prolonged central apnea are thought to be markers of respiratory immaturity in the young infant, occasional central apneas up to 25 seconds have been recorded in normal children. [8] [9] [10] [11] [12] [13] Since these occasional apneas end spontaneously and may not cause sustained impairment of gas exchange, their physiological significance is uncertain. Our data, showing an approximately six-fold greater number of central than obstructive apneas in a population-based sample of children supports the notion that such events are common. The inappropriateness of lumping these two classes of events in children is suggested by our data showing that different groups of subjects are classified as "abnormal" based on indices that differ according to whether central apneas are included in their derivation. However, our findings that approximately one-third of such events are associated with a 4% desaturation suggests the need to re-examine the contention that such events are of little clinical significance.
Controversies regarding whether to include central apneas in SDB indices has been further complicated by different approaches for considering specific types of central apneas as potentially "pathological." The American Thoracic Society consensus statement on pediatric polysomnography recommended that central apneas be scored only if they are more than 20 seconds in length, or of any duration if associated with desaturation >4% or agespecific bradycardia. 2 However, in this population-based sample, approximately 55% of the children had minimally one isolated central apnea associated with at least a 4% desaturation and 33% of isolated central apneas were associated with a 4% desaturation. Similar findings have been reported in infants and children. 10, 26 Further work is needed to identify what level of desaturation, if any, optimally identifies central events that are of pathophysiological significance. Finally, there is often a great interlaboratory variation in the inclusion of various types of central apneas (isolated with or without associated desaturation, post sigh, post movement) in the AHIs. Our data showed only weak correlations between the frequencies of various types of central apneas, suggesting that these indices measure different respiratory phenomena. This again emphasizes the need to consider the methods by which the RDI is derived when comparing findings from different laboratories.
As expected, we observed substantial differences in SDB prevalence estimates when we varied the threshold criteria for abnormality (from ≥1 to ≥10 events/hour). However, we were somewhat surprised to observe that the impact of different threshold definitions on variability varied according to the RDI derivation. Specifically, the impact on SDB prevalence estimates due to varying threshold levels was less for RDIs that were derived using more conservative definitions (i.e., greater degrees of desaturation). This suggests that when events occur that are associated with greater desaturation, they tend to occur at some minimal frequency over sleep time, and thus, may be less dependent on the threshold level of events chosen to identify abnormality.
Since the various RDIs were highly inter-correlated, it is possible that we could have classified SDB similarly after appropriate scaling for the definition used. We asked whether the same subjects with the highest values for any given summary index (defined as the uppermost quintile of values for each given definition) also had the highest values for other definitions. In other words, do the highest quintiles for each RDI derivation identify the same subjects? Similar to the correlation analysis, we observed a poor level of agreement for indices that differed in inclusion of central versus obstructive events. Good to excellent levels of agreement were observed when RDI definitions were based on similar event subtypes (i.e., "obstructive"), differing only in the level of desaturation needed to identify an event as a hypopnea. Furthermore, higher levels of both agreement and correlation occurred when the RDIs included obstructive apneas summed with hypopneas associated with 4% to 5% desaturation. In no instance, however, was the level of agreement perfect, indicating that a simple "scaling" factor will not eliminate variability in case finding that will occur with the use of different RDI definitions. Thus, scaling for the definition used does not obviate the need to standardize event and disease definition for proper comparison of results among different laboratories.
The differences we observed by varying criteria for event identification using different desaturation criteria and inclusion of central apneas would probably be further amplified had we varied other measurement approaches, such as the amplitude and duration criteria applied to given events, or inclusion of arousals. Use of different sensors for recording specific signals also will introduce variability in polysomnography and contribute to poor inter-laboratory comparability. The aggregate effects of such differences in polysomnography emphasize the need to exercise considerable caution when comparing the results of research and clinical studies performed in different laboratories that do not use comparable approaches for identifying respiratory events and disease definitions.
A limitation of our study related to the use of an unattended level III portable monitoring system that did not include an airflow sensor or EEG monitoring. Several previous studies, however, have documented the validity of this approach for assessment of SDB in children and adults. 6, [18] [19] [20] [27] [28] [29] Even if specific respiratory events were misclassified using the sensors in our system, such misclassification would have been applied fairly uniformly to our data, which would not likely alter the internal relationships among events reported. Although sleep was not directly measured, the internal relationships of the various RDI estimates would not be altered since the denominator of estimated sleep time was the same for each child. (That is, even if we had misclassified a certain percentage of wake time as sleep time, in any given child, this effect would have been applied uniformly to all the RDI definitions.) Furthermore, in a recent similar analysis in adults that used PSGs that contained EEG monitoring, similar differences in RDI estimates were observed with varying hypopnea definitions. 7 Support for our approach also may be inferred from the comparability of our estimates of SDB to those of other reports using laboratory-based PSG. For example, others have reported that complete obstructive apneas are rare in childhood and SDB in this age group usually manifests as partial obstruction, i.e. as hypopneas. 9, 11, 12 Our data similarly showed a very low OAI in the face of relatively higher AHI and OAHI (Table 4) . Additionally, the mean and median CAII, of 8-11 years old are quite similar to previous publications of normative respiratory data during sleep in children. [8] [9] [10] [11] [12] [13] We recognize that in the clinical laboratory, indices obtained from polysomnography will be used in conjunction with clinical and other physiological data to make a diagnosis of obstructive sleep apnea syndrome (OSAS). The purpose of this study, however, was not to report the prevalence of OSAS, but was to identify the importance of consistent characterization of the RDI-the metric most commonly used in clinical laboratories to objectively characterize the degree of breathing abnormality during sleep. Although our assessments were made using limited channel polysomnography, it is likely that even greater variability would be introduced by considering other data that could be collected in the in-laboratory diagnostic setting (e.g., end-tidal capnography, nasal or esophageal pressure, sleep architecture, arousals, and limb movements). Nonetheless, our findings indicate that even varying a few parameters (degree of desaturation, inclusion of events of different subtypes, etc.) introduces substantial variability in disease classification for this commonly used metric of SDB.
It is possible that our estimates of the frequency of central apneas or associated desaturations are exaggerated because of the inclusion of former pre-term infants in our study population. Children with preterm birth may be at increased risk for SDB due to anatomic, neurological, or chronic respiratory difficulties. Therefore, the overall prevalence rates for SDB, and possibly central apneas, maybe higher than in the general community. However, this does not limit the generalizability of our findings regarding the impact of event variation on SDB estimation since clinical laboratories routinely evaluate preterm and other highrisk children. In fact, it may be argued that the impact of event identification on SDB estimates may be even higher in a clinical setting than in our community-based cohort.
In summary, with the use of rigorously standardized sleep studies, scored by technicians who analyzed the studies blinded to any clinical data, we demonstrated that variability in respiratory event identification and threshold definitions result in marked differences in the absolute RDI level and prevalence estimates of SDB. Standardized approaches for characterizing the RDI are needed to compare data from different laboratories and populations, for consistent case finding, to assess accurately the public health impact of SDB, and to determine the outcome of interventions. Our findings also suggest that central apneas in children should be computed and reported separately from obstructive events. These findings may be of particular relevance to clinicians and clinical investigators trying to reconcile the results of studies performed in different laboratories with different measurement approaches. However, this study does not address which summary measures have the best clinical predictive value. Future longitudinal and outcomes studies are needed to identify which children are at greatest risk for short and long-term morbidity.
